Nuclear ribosomal DNA (nrDNA) internal transcribed spacer (ITS) sequences from artificial hybrids and backcrosses between Armeria villosa ssp. longiaristata and A. colorata were studied to assess the possible effects of concerted evolution in natural hybrids. F 1 artificial hybrids show the expected pattern of additive polymorphisms for five of the six variable sites as estimated from direct sequences. However, homogenization of polymorphism is already observed in the F 2 , and is biased towards A. colorata except for one site. In backcrosses, an expected tendency towards homogenization of polymorphic sites in the direction of the recurrent parent is observed for five sites, although this does not necessarily imply concerted evolution. Conversely, the sixth site appears to elude such a mechanism and thus provides additional support for the occurrence of biased concerted evolution. Our findings are relevant to interpreting phylogeographic patterns involving gene flow and are also consistent with the hypothesis of a hybrid origin of A. villosa ssp. carratracensis .
Introduction
Nuclear ribosomal DNA (nrDNA) internal transcribed spacer (ITS) sequences are among the most widely used molecular tools to infer phylogenetic relationships in plants. This region includes two spacers (ITS1 and ITS2) that separate the 18S, 5.8S and 26S genes. Both spacers have a nucleotide substitution rate high enough to generate intra-and interspecific variability (Hillis & Dixon 1991; Baldwin et al . 1995) . However, the accumulation of such variability and therefore the observed divergence between evolving lineages is commonly affected by the process known as concerted evolution (Arnheim et al . 1980) . This mechanism causes the homogenization of sequences of the ribosomal DNA tandem repeats and is relevant to explain the observation that ITS intraspecific variability is lower than variation among species. Concerted evolution has also been invoked as the mechanism responsible for ITS homogenization after hybridization events (Van Houten et al . 1993; Wendel et al . 1995; Roelofs et al . 1997) . Conversely, lack of concerted evolution has been concluded to explain the presence of polymorphic repeats in some ITS sequences. Absence of sexual recombination and presence of nrDNA loci on nonhomologous chromosomes seem to slow or preclude concerted evolution after hybridization events (Campbell et al . 1997; Sang et al . 1995; Waters & Schaal 1996) .
Experimentally synthesized hybrids can provide significant information for assessing the role of natural hybridization in evolution, although direct evidence is relevant only to initial stages of hybrid lineages. Topics that can be addressed with the aid of experimental hybrids include interactions between environment and genotype in hybrids (Arnold 1992) , plausibility of hypotheses of hybrid speciation (Smith & Daly 1959; Grant 1966; Nieto Feliner et al . 1996; Nieto Feliner 1997) , the degree to which case studies fit a given model of hybrid speciation (Rieseberg et al . 1995) or hybrid zone (Graham et al . 1995) , impact of hybrids in phylogeny reconstruction (McDade 1992) , and selective mechanisms governing hybrid species formation (Rieseberg et al . 1996a) .
The genus Armeria consists of ≈ 120 species, most of which are distributed in narrow areas within the Mediterranean region. Virtually all species are diploid obligate outcrossers by virtue of an efficient self-incompatibility mechanism (Baker 1966) . In our previous work, most artificial interspecific crosses performed, involving 14 taxa, have successfully yielded moderately to highly fertile hybrids, suggesting that isolation mechanisms are mainly based on external barriers. The percentage of viable pollen in artificial F 1 hybrids, between 53 and 99% (Nieto Feliner et al . 1996; Nieto Feliner 1997) , may indicate that reproductive mechanisms are adapted to gene flow among species. Gene flow among populations of Armeria has been reported on the basis of morphological, biogeographical, and ecological evidence, as well as from breeding system and population genetic studies (Bernis 1954; Lefèbvre 1969; Philipp 1974; Nieto Feliner et al . 1996; Nieto Feliner 1997) . We have reported how nrDNA ITS variation among different subspecies of Armeria villosa displays a phylogeographic pattern attributable to extensive gene flow (Fuertes Aguilar et al . 1999) . One case study involves the putative hybrid origin of A. villosa ssp. carratracensis from A. villosa ssp. longiaristata and A. colorata (Nieto Feliner et al . 1996) .
The purpose of this study is to explore if and how fast concerted evolution may act on the ITS region of early generation hybrids and introgressants. This is important for interpreting phylogeographic patterns, based on multicopy genes, when gene flow is significant (Schaal et al . 1998 ). To our knowledge, inspection of ITS sequences in successive artificial hybrid generations has not been reported previously. To accomplish this goal we use: (i) experimental F 1 and F 2 hybrids and backcrosses between A. colorata and A. villosa ssp. longiaristata ; and (ii) individuals from natural populations of the putative hybrid A. villosa ssp. carratracensis , and its putative parents.
Materials and methods
Artificial hybrids and backcrosses were obtained under greenhouse conditions at the Royal Botanical Garden (Madrid) between 1989 and 1994, following the procedures reported in Nieto Feliner et al . (1996) . The hybrids and backcrosses used in the present study were produced from individuals of Armeria colorata , [Spain, prov. Málaga, Sierra Bermeja de Estepona, 30SUF0240, 1400 m, serpentine rock crevices, 3683 GN], and A. villosa ssp. longiaristata [Spain, prov. Albacete, Calar del Mundo, 30SWH4753, 1300 m, limestone, 3346 GN] (Fig. 1) .
Total DNA from fresh and silica gel-preserved specimens (40 samples) was isolated as described in Doyle & Doyle (1987) . Double-strand amplification of the ITS region was conducted using primers ITS-7A (White et al . 1990) , slightly modified by Panero and Plovanovich-Jones (5 ′ -GAAGGAGAAGTCGTAACAAGG-3 ′ ), and ITS-4 (White et al . 1990) . To eliminate problems related to the presence of silenced alleles, a pilot study was carried out in which the same samples were amplified with and without the addition of dimethylsulphoxide, DMSO 10% v/v (Buckler et al . 1997) , the results being coincident. PCR products were purified using the Gene Clean-Up kit (Boehringer Mannheim). Nucleotide sequences of both strands were determined directly from PCR fragments using the dideoxy chain-termination method (Sanger et al . 1977) . Sequencing primers were the same as those used for amplification. Standard protocols of the manufacturer for Taq DNA polymerase-initiated cycle sequencing reactions with fluorescently labelled dideoxynucleotide terminators (Applied Biosystems Inc.) were utilized. DMSO was routinely added to avoid secondary structurederived problems. The sequencing reactions were analysed using a 377 automated DNA sequencer (Applied Biosystem Inc.), and electropherograms were examined using EditView (Applied Biosystem Inc.). All sequences were obtained from both strands with a 100% overlap. In our data we apply the IUPAC ambiguity symbols to indicate individual single nucleotide polymorphisms, i.e. Y should be read as the presence of A and C, rather than as an ambiguous reading between A or C. Polymorphic sites were identified on the electropherograms when two peaks overlapped. Sites where both signals differed from each other by less than 30% were interpreted as a plain polymorphism (M, K, R, W, Y), assuming that almost equimolecular amounts of repeats with each nucleotide were present. When one of the signals was 30% weaker than the other, but the weakest peak showed at least 30% of the signal of the same base's previous peak, we scored the polymorphism with a superindex indicating the base with strongest signal (e.g. Y T ). Repeatability of the results, in particular polymorphism interpretation, was verified following a single-blind protocol. We reproduced the processes of DNA extraction, amplification, and sequencing for six samples of the F 1 generation and one of the second backcross towards A. villosa ssp. longiaristata (B 2 vil) with no significant differences. Sequences have been submitted to the EMBL database under the following Accession nos: AJ22558 5 -AJ225587, AJ225592, AJ225593, AJ225611, and AJ240014-AJ240047. The boundaries of the ITS sequences were determined by comparison with those of other angiosperms in Paeoniaceae and Umbelliferae. The possibility that evolution of variable sites can be linked due to compensatory mutations was studied through the examination of secondary structure models of the ITS2 RNA transcripts. These structures were evaluated using the minimumfree energy (MFE) algorithm (Zuker 1989) . Fold predictions were conducted at 37 ° C using the MFOLD version 3.0 and RNAdraw version 1.1 programs. Individual bases within foldings were scored with the descriptor P-num ( Jaeger et al . 1989) , which indicates the propensity of a single nucleotide to participate in a base pair.
Previous studies have shown that ITS sequences from the two parental species differ at six informative positions. These positions are among the ones supporting major clades in our previous phylogenetic analysis (Fuertes Aguilar et al . 1999) . Because of the topic of this study, we prefer not to report consensus sequences. Instead, bases occupying variable sites are presented as originally read from electropherograms generated by direct and reverse primers.
Results and Discussion
The ITS1 + 5.8S + ITS2 region has a length of 608 bp in both Armeria villosa ssp. longiaristata and A. colorata . While the ITS1 (207 bp) and 5.8S (156 bp) regions do not differ between the two species, six sites of the ITS2 (245 bp) region do (Fig. 2) . These variable sites are widely separated in ITS2 except sites 385 and 386. With the exception of site 364, located on a conserved (c1) domain (Hershkovitz & Zimmer 1996) , all remaining positions are included within variable domains: 385 and 386 in v1, 511 in v4, 544 and 593 in v5 (Fig. 3) . Secondary structures for RNA transcripts obtained from MFOLD and RNAdraw, although not completely equivalent, yield similar results for the variable sites. No covariation among these sites was detected in the secondary structures recovered. In fact, except for positions 385 and 386, which are contiguous in helix I (Mai & Coleman 1997) , all sites are placed in separate structural helices and internal loops.
All the polymorphisms detected within the six scored positions in the different experimental hybrid generations are additive. The F 1 hybrids show quite uniform behaviour. Nine out of 10 individuals show polymorphisms for at least five positions (Fig. 2) . This is interpreted as the result of amplification of copies inherited from both progenitors. Also, this would be the expected outcome for a marker expressed in a codominant fashion (Rieseberg & Ellstrand 1993) . However, in three individuals, bases in position 544 already appear to present total homogenization towards A. villosa ssp. longiaristata , such that there is not a general pattern for the six positions scored. In the F 2 hybrid generation, the results deviate from the codominant model of expression. Here, sequences show a tendency to homogenize polymorphic scored sites and a bias towards A. colorata , except for position 544 (Fig. 2) , which maintains the same trend observed in the F 1 .
Backcrosses towards A. villosa (B 1 vil, B 2 vil) show an almost complete homogenization in the direction of the recurrent parental species although a small proportion of B 2 vil individuals retains polymorphism in some sites. Backcrosses towards the other parent, A. colorata (B 1 col), follow the same trend, that is, homogenization in the direction of this species. In backcrosses, an increase in the number of ITS copies from the recurrent parent is expected due to genetic reasons, assuming that the numbers of ITS copies in the two parents are similar. Therefore, these results do not provide evidence for concerted evolution. However, an exception to this trend is the fifth site (544) again, which, as in the F 1 and F 2 individuals, exhibits a bias against homogenization towards T, the base present in A. colorata . Therefore, this finding adds to the F 2 results as evidence for biased concerted evolution. Unfortunately, B 2 crosses towards A. colorata were not possible to achieve because of unexpected mortality of cultivated specimens.
As our data result from direct sequencing, some caution in estimating relative amounts of ITS parental types is needed. Nonetheless, it can be assumed that polymorphic sites in artificial hybrids result from amplification of ITS copies from both parents and, further, that some estimation on relative copy number can be made. We have rejected major possible sources for differential amplification of different ITS types. DMSO has been used to exclude the presence of silenced alleles from one of the two parents (Buckler et al . 1997) . Similarly, no differences were found when touch-down amplification was tried in order to exclude the possibility of different annealing temperatures. The criteria we have defined to consider relative importance of peak signals, following careful analysis of electropherograms, has allowed the recognition of different cases as comparing sites in direct and reverse strand. In none of those cases have we found major discrepancies between relative base quantities suggested by the direct vs. the reverse strand. Additionally, assuming a similar number of ITS copies in the two parents, it is expected that F 1 hybrids display similar amounts of both types, an expectation that is confirmed by our results. Along the same line, the possibility of sequencing error cannot be excluded. But, as sequences are read both from direct and reverse primers and the patterns are replicated, we think that such a possibility is unlikely. All these arguments, together with the test for repeatability, allow our data to be considered as a reliable estimate, albeit not exact, of relative ITS copy number.
Segregation in F 2 hybrids might have some effect on our results. However, its precise role cannot be assessed T   364  385  386  511  544  593 F1 # 55 T   364  385  386  511  544  593   VIL # 58  T  C  C  G  G  A  A  G  G  C  C  T   VIL # 120  T  C  C  G  G  A  A  G  G  C  C  T   364  385  386  511  544  593 B1COL # 91 C   364  385  386  511  544  593   COL # 11  A  T  T  A  T  G  T  A  A  T  A  C   COL # 12  A  T  T  A  T  G  T  A  A  T  A  C   364  385  386  511  544  593   CAR # 10  A  T  T  A  T  G  T  A  A  T  A  C   CAR # 11  A  T  T  A  T  G  T  A  A  T due to the lack of information regarding number of ITS copies and possible occurrence of different rDNA loci. In any case, given that the pattern obtained in the F 2 at the scored positions is consistent in showing predominance of one of the parental bases, it is unlikely that segregation is a determinant factor, unless we assume that we have selectively failed to sample other segregates. One of the basic tests to analyse hypotheses of hybrid origin of taxa is to compare natural populations of such taxa with synthetic generations of hybrids produced under controlled conditions (Arnold 1992) . Previous evidence extracted from experimentally synthesized hybrids in Armeria is consistent with the hybrid origin of A. villosa ssp. carratracensis (Nieto Feliner et al . 1996) . This subspecies shares the ITS sequence with one of the putative parents, A. colorata (Fig. 2) . This feature could result from common ancestry as well as from hybridization or introgression. However, our finding that homogenization of those sequences, following hybridization, can be achieved so quickly strengthens the hybridization hypothesis, particularly when the rest of the evidence (gene flow, ecomorphological patterns, etc.) is also considered.
Three relevant conclusions for a phylogeographic approach to the study of natural hybridization and introgression can be concluded from our results. First, concerted evolution can occur as fast as one generation after the combination of the two parental ITS types. The highest homogenization rate calculated from our results seems to be one order of magnitude above the highest rate reported for nrDNA in Dover (1989) . We have no evidence to indicate what could be the cause of such differential rates. Second, concerted evolution may be biased as regards the parental base or sequence that is homogenized. This is more consistent with gene conversion being the mechanism responsible for homogenization than with unequal crossing over . The fact that, in our study, some sites in some F 1 individuals, which have not undergone meiosis, display no polymorphisms would also be consistent with the gene conversion mechanism. Third, the fast rate of homogenization in artificial hybrids has an important implication for detecting past or recent natural hybridization events. In genera where gene flow occurs, as well as conserved polymorphisms in ITS (Sang et al . 1995) , we should look for other patterns. Discrepancies between phylogenies based on different genes are considered to be the main indication to detect hybridization events (Rieseberg et al . 1996b) , although extended gene flow clearly reduces its operativeness by reducing availability of exclusive markers. The fact that identical ITS sequences can be the result of gene flow between sympatric taxa followed by concerted evolution advises caution when interpreting phylogeographic patterns. An apparent lack of variability in multicopy sequences might be hiding a more complex scenario involving reticulation (Fuertes Aguilar et al . 1999) .
